The space charge code SCHAR' h a s been used t o i n t e r p r e t some of t h e measurements made w i t h t h e LAME' F ECR source2.
Summary
The space charge code SCHAR' h a s been used t o i n t e r p r e t some of t h e measurements made w i t h t h e LAME' F ECR source2.
(ribbon beam), s i n g l e h o l e and m u l t i h o l e e l e c t r o d e s . Measured r o t a t i o n of t h e p l a n e of t h e ribbon beam i n t h e c o n s t a n t s o l e n o i d f i e l d showed t h a t when t h e p o l a ri z e r c e l l was n o t u t i l i z e d t h e beam was e s s e n t i a l l y n o t n e u t r a l i z e d a f t e r i t emerged from t h e e x t r a c t i o n elect r o d e s . There i s evidence t h a t when t h e p o l a r i z e r c e l l is "turned on" t h e beam becomes n e u t r a l i z e d from t h e p o l a r i z e r back toward t h e e l e c t r o d e s t r u c t u r e . t o t a l measured c u r r e n t from s i n g l e and m u l t i h o l e e l e ct
r o d e s w i t h t h e p o l a r i z e r c e l l "on" i s p r o p o r t i o n a l t o t h e a r e a of t h e e l e c t r o d e a p e r t u r e s . Beam s i m u l a t i o n c a l c u l a t i o n s i n d i c a t e t h a t i f t h e beam e x t r a c t e d from t h e s o u r c e i s uniform a c r o s s t h e m u l t i h o l e s t r u c t u r e ,
t h e n i n o r d e r f o r t h e perimeter h o l e s t o provide as much c u r r e n t p e r a r e a , t h e beam would have t o be a t l e a s t p a r t i a l l y n e u t r a l i z e d a f t e r e x i t i n g from t h e e l e c t r o d e s t r u c t u r e . POISSON c a l c u l a t e d f i e l d s w e r e used f o r t h e s i n g l e and m u l t i h o l e e l e c t r o d e f i e l d s . For a ribbon beam t h e f i e l d used was t h a t of a v e r y long s l i t . of t h e beam a t t h e e n t r a n c e t o t h e t h r e e e l e c t r o d e s were a d j u s t e d t o provide agreement with t h e measured h a r p histograms. The energy of t h e i o n s l e a v i n g t h e . (unmodeled) ECR plasma determines t h e c u r r e n t f o r a given e l e c t r o d e s t r u c t u r e and v o l t a g e . v e r s e v e l o c i t y w a s n o t a s e n s i t i v e parameter. t r o d e r a d i a l f i e l d s and beam space charge f o r c e s gene r a t e most of t h e t r a n s v e r s e v e l o c i t i e s observed as t h e beam e x i t s from t h e e l e c t r o d e s .
"Tails" which were p r e s e n t i n t h e measured h a r p d a t a could be explained by an H2+ component i n t h e beam.
f o r t h e " t a i l s " w e r e not explored.
pendence of t h e c u r r e n t on t h e middle e l e c t r o d e v o l t a g e could n o t be m d e l e d without assuming beam n e u t r a l i z at i o n which was dependent upon t h a t v o l t a g e . C a l c u l a t i o n s were made f o r r e c t a n g u l a r h o l e The The i n i t i a l t r a n s v e r s e v e l o c i t y and energy I n i t i a l t r a n sElec-A l t e r n a t e e x p l a n a t i o n s
The measured deRibbon Beams One by e i g h t mm r e c t a n g u l a r a p e r t u r e e l e c t r o d e s were i n s e r t e d i n t h e LAME' F source. F i g u r e 1 i s a schematic diagram of t h e source.
movable a x i a l l y were used t o measure t h e beam envelope i n t h e c o n s t a n t s o l e n o i d f i e l d . I n o r d e r t o unders t a n d t h e r e c t a n g u l a r beam behavior i t i s i n s t r u c t i v e t o c o n s i d e r f i r s t t h e c a s e of charged p a r t i c l e s with n e g l i g i b l e s p a c e charge, moving c l a s s i c a l l y i n a cons t a n t magnetic f i e l d Bo which d e f i n e s t h e d i r e c t i o n of t h e Z-axis.
The p r o j e c t i o n of each p a r t i c l e ' s path upon a plane p e r p e n d i c u l a r t o t h e z-axis i s a c i r c l e of r a d i u s R, = 5 where v, i s t h e c o n s t a n t magnitude of t h e component of t h e v e l o c i t y perpendicular t o t h e z-axis. The t i m e r e q u i r e d t o complete t h e c i r c l e i s t h e cycloVertical and h o r i z o n t a l h a r p s qB0 t r o n p e r i o d T = a which i s independent of v,.
qBO
Thus i f a group of p a r t i c l e s comes through an o r i f i c e i n t h e p l a n e z = 0 a t t i m e t = 0 , then, a t i n t e g r a l m u l t i p l e s of T, each p a r t i c l e w i l l have r e t u r n e d t o i t s o r i g i n a l p o s i t i o n i n t h e p e r p e n d i c u l a r p l a n e . p o s i t i o n of p a r t i c l e k a t i t s n ' t h r e t u r n is
The z
where v,(k) is t h e z-component of t h e v e l o c i t y of t h e k t h p a r t i c l e . The e f f e c t of space charge i s t o provide an e l e c t r i c f i e l d p e r p e n d i c u l a r t o t h e magnetic f i e l d . I f t h e beam is i n i t i a l l y a ribbon beam, at each focus t h e p l a n e of t h e ribbon w i l l be r o t a t e d w i t h t h e r o t a t i o n a n g l e p r o p o r t i o n a l t o t h e c u r r e n t . c a r r y i n g a t o t a l charge/length oT a t a speed vz w i l l r e p r e s e n t a c u r r e n t i = oTv . The composite space charge e l e c t r i c f i e l d and s o l e n o i d magnetic f i e l d f o r c e s r e s u l t i n a r o t a t i o n of t h e ribbon. Since t h e space charge f o r c e s a r e non-linear with r e s p e c t t o t h e d i s t a n c e from t h e c e n t e r of t h e beam, a f t e r a number of focussing l e n g t h s t h e ribbon w i l l g e n e r a t e "tails" and degenerate i n t o a "blob". Figures 2 and 3 show t h e r o t a t i o n and degeneration of a ribbon beam a s c a l c u l a t e d by SCHAR. Figure 4 is a p l o t of t h e a n g l e of t h e ribbon as a f u n c t i o n of a x i a l d i stance. The estimated r o t a t i o n obtained using t h e e l e ct r i c f i e l d of eq. (2) is i n agreement w i t h t h e SCHAR c a l c u l a t i o n . Measured h a r p d a t a were i n good agreement w i t h h a r p d a t a simulated by SCHAR. similar f o r a c i r c u l a r a p e r t u r e b u t less obvious due t o symmetry. 
. Demonstrates t h e p r o g r e s s i v e ribbon r o t a t i o n with a x i a l d i s t a n c e . S i n g l e and Multihole E l e c t r o d e s Sources s t u d i e d w e r e modeled as a series of p a r a l l e l , e q u i p o t e n t i a l p l a t e s .
p l a t e s were neglected. e l e c t r o d e s of one mm t h i c k n e s s separated one mm. One, seven o r t h i r t e e n 1.5 mm diameter h o l e s with a minimum s e p a r a t i o n of .30 mm were in t h e d i f f e r e n t s t r u c t u r e s .
For t h e m u l t i h o l e c l u s t e r s , w e used POISSON c a l c u l a t e d f i e l d s and assumed t h e f i e l d due t o each h o l e was independent of t h e o t h e r h o l e s and was
given by t h e s i n g l e h o l e c a l c u l a t i o n . The motion of f i l a m e n t s i n f i e l d s so c a l c u l a t e d w a s very similar t o t h e motion i n a n o t h e r approximate model -a h o l e surrounded by a m e t a l r i n g and annular gap. The g e n e r a l e f f e c t of t h e independent h o l e f i e l d s is t o o v e r e s t i m a t e t h e magnit u d e of t h e r a d i a l f i e l d s . Various h o l e s i z e s , p l a t e t h i c k n e s s e s and p l a t e s e p a r a t i o n s a s w e l l as a ninet e e n h o l e e l e c t r o d e were t r i e d .
E x t r a c t i o n e l e c t r o d e s t u d i e s were i n i t i a t e d by f i n d i n g o u t what beam e x i t i n g t h e f i n a l e l e c t r o d e would reproduce t h e observed h a r p d a t a . The t h r e e v a r i a b l e beam
i n p u t parameters were c u r r e n t , maximum t r a n s v e r s e v e l -
o c i t y , and p o s i t i o n -v e l o c i t y c o r r e l a t i o n . The t r a n sv e r s e v e l o c i t y c o r r e l a t i o n parameter used i n SCHAR measures whether t h e beam i s converging o r d i v e r g i n g a s i t emerges from t h e e l e c t r o d e s and is determined by t h e d i s t a n c e t h e f i r s t minimum i n t h e harp d a t a i s from t h e e l e c t r o d e s . The magnitude of t h e assumed i n i t i a l t r a n s v e r s e v e l o c i t y i s determined by t h e v a r ia t i o n i n beam s i z e a s observed by t h e h a r p measurements. The a x i a l s e p a r a t i o n of t h e minima i n t h e h a r p d a t a i s somewhat dependent on t h e c u r r e n t and t h u s p r o v i d e s a check of t h e c u r r e n t measurement. The n e x t phase of t h e e l e c t r o d e s t u d i e s was one i n which t h e beam parameters a t t h e e n t r a n c e t o t h e elect r o d e s were a d j u s t e d t o g i v e t h e proper e x i t beam f o r t h e h a r p d a t a . The i n i t i a l beam was placed a c r o s s t h e h o l e s i n a uniform s t a t i s t i c a l manner. A l l beam f i l aments w e r e given t h e same i n i t i a l speed. e n t s of t h e i n i t i a l v e l o c i t y perpendicular t o t h e p a t h were v a r i e d and both uniform s t a t i s t i c a l and p a r a b o l i c s t a t i s t i c a l d i s t r i b u t i o n s were t r i e d . Of t h e s e i n p u t
parameters, t h e predominantly important one w a s t h e i n i t i a l speed e n t e r i n g t h e e l e c t r o d e s . T y p i c a l l y t h a t corresponds t o t h e v e l o c i t y r e s u l t i n g from t h e POISSON c a l c u l a t e d e l e c t r i c a l p o t e n t i a l a t t h e e n t r a n c e t o t h e e l e c t r o d e s t r u c t u r e p l u s about 40 e V more. It d e t e rmines t h e c u r r e n t through t h e a p e r t u r e s . I n our modeling w e set t h i s a t 1 . 6 x lo5 m/sec, t h e v a l u e which gave t h e b e s t f i t t o t h e measured 7 h o l e h a r p d a t a f o r 5 keV protons. A s an u n n e u t r a l i z e d beam emerges from t h e plasma, space charge f o r c e s dominate and make t h e beam d i v e r g i n g . Midway i n t h e f i r s t e l e c t r o d e t h e r a d i a l inward e l e c t r i c f o r c e s dominate and cause t h e beam t o be converging. Near t h e end of t h e second e l e c t r o d e t h e beam a g a i n becomes d i v e r g i n g due t o space charge f o r c e s and t h e r a d i a l outward e l e c t r o d e f o r c e s . It w a s assumed t h a t whenever a beam f i l a m e n t w a s passing through a h o l e i n t h e metal o n l y t h e c u r r e n t i n t h a t h o l e c o n t r i b u t e d t o t h e space charge f o r c e s . Also, whenever t h e p a t h o f a f i l a m e n t c o n t a c t e d t h e walls of a p l a t e i t w a s l o s t and negl e c t e d i n f u r t h e r c a l c u l a t i o n s . Current l o s s on t h e second and t h i r d e l e c t r o d e s i s a u s e f u l parameter f o r checking t h e c a l c u l a t i o n . I n g e n e r a l , a s t h e second e l e c t r o d e becomes more p o s i t i v e , t h e beam l o s s on t h e l a s t e l e c t r o d e i n c r e a s e s , t h e beam emittance d e c r e a s e s and t h e beam c u r r e n t diminishes.
Beam induced charges on t h e I n i t i a l s t u d i e s used t h r e e
The componWhen t h e c u r r e n t of t h e LAMPP source w a s measured a s a f u n c t i o n of t h e second e l e c t r o d e v o l t a g e , a peak c u r r e n t w a s observed w i t h t h e e l e c t r o d e v o l t a g e s 5 kV,
-.2 k7 and 0. When SCHAR was used t o model t h e source t h e r e w a s a peak observed with t h e c e n t r a l e l e c t r o d e -200 V i f t h e space charge was n e u t r a l i z e d a t t h e end 855 of t h e source but it was much smaller than t h e observed peak.
A t p r e s p e c i f i e d p o s i t i o n s beam p r o f i l e s , x and y h i s t ograms of beam c u r r e n t , x emittance, x rms, Vx rms and t h e c u r r e n t with a s p e c i f i e d emittance could be obtained from SCHAR. A comparison of the measured and calcul a t e d harp d a t a a t t h e second focus of t h e seven h o l e e l e c t r o d e s t r u c t u r e is shown i n Figure None of t h e multihole e l e c t r o d e systems modeled with SCHAR was a f a c t o r of t h r e e b e t t e r than t h e o t h e r s i n providing c u r r e n t with emittance less than 250 mm m r (non normalized @ 5 keV) f o r t h e p o l a r i z e r c e l l . This emittance was a r b i t r a r i l y s e l e c t e d a s u s e f u l beam emittance f o r t h e purpose of comparing e l e c t r o d e s t r u c t u r e s . i z e r c e l l i s proportional t o t h e t o t a l a r e a of t h e h o l e s , t h e emittance of t h e t o t a l beam i n c r e a s e s approximately a s t h e r a d i u s of t h e multihole s t r u c t u r e so t h a t t h e u s e f u l beam w i l l not be proportional t o source a p e r t u r e a r e a .
a p e r t u r e a t t h e i o n i z e r c e l l i s only about 1% of t h e source c u r r e n t -i f t h e e f f i c i e n c y f o r H+ + Ho convers i o n i s 100%. The percentage of t h e beam r e t a i n e d can be increased by shaping t h e ECR source and p o l a r i z e r c e l l magnetic f i e l d t o make t h e beam focus a t t h e ioni z e r c e l l 3 . source must be reduced an order of magnitude f o r t h e LAMF' F-ECR source modeled i n t h e s e s t u d i e s i n order f o r t h a t method t o provide a l a r g e i n c r e a s e i n c u r r e n t .
This work h a s been supported by t h e U.S. Department of Energy.
Seven h o l e source beam s i z e v a r i a t i o n i n t h e
Results

Although t h e t o t a l current a t t h e polar-
The c u r r e n t e n t e r i n g a 7/16" diameter However t h e t r a n s v e r s e v e l o c i t y from t h e
